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n epidemiological association between chronic inflammation and cancer has been recognized in several organ systems (1) (2) (3) . In the lungs, this relationship is likely manifested by the association between chronic obstructive pulmonary disease (COPD) and the development of lung cancer. COPD represents a spectrum of pathophysiological alterations in the lungs, including chronic bronchitis and emphysema. However, a common feature of COPD is airway inflammation with infiltration of neutrophils, activated macrophages, and lymphocytes (4, 5) . Several studies have confirmed that the development of COPD is an independent risk factor for lung cancer even when adjusted for age, sex, and smoking history (adjusted relative risk 2-5) (6-10).
The pathways connecting inflammation and tumor formation in the lungs have not been well characterized. However, NF-B has been identified as an important promoter of tumorigenesis in some models of adenocarcinoma (AC) in the gastrointestinal tract (11, 12) . NF-B serves as a key regulatory pathway for the production of proinflammatory cytokines and chemokines, cell-cycle proteins, antiapoptotic proteins, and growth factors (13) (14) (15) . The predominant mechanism of NF-B activation involves phosphorylation, ubiquitination, and degradation of inhibitors of NF-B (IB), allowing NF-B dimers to translocate to the nucleus and promote transcription of target genes (13) (14) (15) . Activation of NF-B is implicated in the pathogenesis of inflammatory disorders of the lungs, including COPD (16) (17) (18) . In this regard, COPD patients have increased activation of NF-B in lung macrophages and epithelial cells (16, 17) . In addition, cigarette smoke induces NF-B activation in vivo and in vitro (19, 20) . Therefore, the NF-B pathway is positioned to impact carcinogenesis in the lungs.
Treatment of mice with chemical carcinogens, including ethyl carbamate (urethane), has been used extensively to model multistage human lung carcinogenesis (21) . Mouse lung tumors are thought to arise from nonciliated airway epithelial (Clara) or type II alveolar epithelial cells, and gene mutations described in mouse lung tumor cells are similar to those identified in human lung cancers (22, 23) . Also, several studies have identified similarities in gene expression profiles between mouse lung tumors induced by chemical carcinogens and human ACs, further supporting the utility of these models (21, (23) (24) (25) .
In these studies, we hypothesized that the NF-B pathway regulates inflammation and tumorigenesis in the lungs after exposure to chemical carcinogens. We investigated whether activation of NF-B and the development of inflammation correlate with tumor formation in the lungs from three inbred strains of mice expected to display different sensitivities to chemical carcinogenesis. We then identified NF-B activation in airway epithelial cells after urethane treatment in a susceptible mouse strain and used an inducible transgenic mouse model (26) to selectively inhibit NF-B in these cells. Together these studies identify a key role for NF-B in promoting lung tumorigenesis.
Results
To determine whether activation of NF-B in the lungs is associated with lung tumorigenesis after urethane treatment, we crossed NF-B reporter mice [HIV-LTR.Luciferase (HLL)] expressing Photinus pyralis luciferase cDNA under control of the proximal 5Ј HIV-LTR (27, 28) into the C57B6, BALB/c, and FVB backgrounds (more than nine generations). Existing data regarding strain-specific responses to urethane indicate that BALB/c and FVB mice are susceptible to lung tumor formation, whereas C57B6 are resistant (29) . Mice in these studies received weekly i.p. injections of 1 g/kg urethane for 4 weeks and were imaged for bioluminescence (after luciferin injection) to detect NF-B-dependent luciferase activity over the lungs at baseline (just before the first urethane dose) and 1, 2, and 3 weeks (before subsequent urethane dosing) (Fig. 1A) . Quantification of bioluminescence over the chest (n ϭ 6-8 per strain) showed that luciferase activity was induced in BALB/c and FVB HLL mice, but not in C57B6 HLL mice (Fig. 1B) . Increased bioluminescence after urethane treatment was not detected over other regions (i.e., abdomen, head). By week 3, chest bioluminescence returned toward baseline (data not shown). These results indicated that urethane-induced activation of NF-B occurs in the lungs of BALB/c HLL and FVB HLL, but not C57B6 HLL, mice.
Once we identified NF-B activation after urethane treatment, we assessed whether this finding was correlated with lung inflammation. For these studies, WT mice from the aforementioned strains (n ϭ 10 per strain) received a single i.p. injection of 1 g/kg urethane, and lungs were harvested 1 week later for evaluation of histology (n ϭ 6 per strain) and for inflammatory cells and cytokines in bronchoalveolar lavage (BAL) fluid (n ϭ 4 per strain). One week after urethane, FVB mice exhibited a predominantly interstitial inflammatory lung infiltrate (primarily neutrophils and monocytes/macrophages), BALB/c mice an intermediate phenotype, and C57B6 mice no histological evidence of inflammation (Fig. 1C) . Compared with C57B6 mice, FVB and BALB/c mice also had increased inflammatory cells in BAL (Fig. 1D ). Total and differential BAL cell counts from untreated C57B6, BALB/c, and FVB mice were similar to urethane-treated C57B6 mice (data not shown). In addition, FVB and BALB/c mice had increased circulating neutrophils compared with C57B6 mice (3.5 Ϯ 0.5, 2.1 Ϯ 0.5, and 0.7 Ϯ 0.2 ϫ 10 3 /l, respectively; P Ͻ .05), whereas no differences were found in other WBC lineages (data not shown). We next determined the levels of inflammatory mediators (IL-6, IL-10, IL-12p70, TNF-␣, IFN-␥, and MCP-1) in BAL fluid by using a cytometric bead array. One week after urethane, FVB and BALB/c mice showed increased TNF-␣ and IL-12p70 levels compared with C57B6 mice (Fig. 1E ). No differences were found for IL-6, IL-10, IFN-␥, or MCP-1. However, concentrations of these cytokines were not increased significantly in urethane-treated mice compared with untreated controls. Collectively, these results indicate that urethane-induced NF-B activation is associated with the development of lung inflammation.
To correlate early lung inflammation and NF-B activation in different mouse strains with subsequent tumor formation in the multidose urethane model, we screened mice from each strain by micro-computerized tomography (CT) for lung tumor appearance starting at 2 months after urethane initiation. Lung tumors were detected in FVB mice 3 months after starting urethane ( Fig. 2A) , at which time animals were killed. Urethane-induced tumors were visible on the lung surface of FVB and BALB/c, but not C57B6, mice ( Fig. 2 B and C) . We also performed experiments by using a single i.p. injection of urethane and killed mice at 4 months when tumors were identified by microCT. Again, lung tumors were present in FVB and BALB/c, but not C75B6, mice (Fig. 2B) . We performed an extensive histological evaluation of lungs from C57B6, BALB/c, and FVB mice treated with multidose urethane and found a range of neoplastic lesions: atypical adenomatous hyperplasia (AAH), papillary and solid adenoma (AD), and AC (Fig. 2D ). All types of lesions were identified in lungs from FVB and BALB/c mice, although FVB mice had greater numbers of AD and AC than BALB/c mice (Fig. 2E ). In contrast, lungs from C57B6 mice had areas of AAH, but no progression to AD or AC occurred. Enumeration of lung tumors on transverse lung sections correlated well with macroscopic lung tumor counting (n ϭ 21, ϭ 0.971, P ϭ 10 Ϫ6 ), validating the latter as a tumor quantification approach as described previously (30) . Tumor formation was only observed in strains of mice with early NF-B activation and inflammation in the lungs after urethane treatment.
To define the timing, dose-response, and cellular distribution of urethane-induced NF-B activation in the lungs of susceptible mice, we used another NF-B reporter mouse model [NF-B.GFP.Lu- (31) . NGL mice (FVB background) were treated with a single i.p. injection of 0.3-3 g/kg urethane, and serial bioluminescence imaging was performed (Fig. 3A) . The 3 g/kg dose resulted in death by 24 h, but all mice treated with 0.3 and 1 g/kg survived. Chest bioluminescence peaked at day 10 after urethane in the 1 g/kg group and returned toward baseline by 4 weeks. No significant increase in bioluminescence was noted in the 0.3 g/kg group. In separate experiments, lungs from NGL mice were harvested 10 days after urethane, and GFP expression was identified by immunohistochemistry. GFP expression was minimal in lung sections from untreated NGL mice, whereas significant GFP expression was detected in the lungs from urethane-treated NGL mice. NF-B-dependent GFP expression was identified in airway epithelium, type II alveolar epithelial cells, and macrophages (Fig. 3B) .
Based on the identification of NF-B activation in airway epithelial cells of a mouse strain susceptible to urethane, we undertook experiments to block NF-B signaling in these cells and to determine the impact on urethane-induced lung inflammation and tumor formation. We used inducible transgenic mice on the urethane-susceptible FVB background that selectively express a dominant inhibitor of NF-B (IB␣-DN) under the control of the Clara cell-specific CC10 promoter (26, (32) (33) (34) . After addition of doxycycline (dox) to drinking water, expression of IB␣-DN in the lungs of these transgenic [IB␣-DN trans-activated (DNTA)] mice has been shown to block NF-B activation in response to inflammatory stimuli (26) . To verify selective transgene expression in airway epithelium in this model, DNTA mice were given 1 g/liter dox in their drinking water for 1 week, and expression of the Myc-tagged transgene was assessed in lung tissue (Fig. 4A ) and BAL cells (data not shown). Transgene expression was strictly confined to airway lining epithelium and was not evident in other cell types in lung tissue or BAL. Next, DNTA mice (and nontransgenic FVB littermates) were treated with a single i.p. injection of urethane, and lungs were harvested up to 2 weeks later to determine whether blocking NF-B in airway epithelium could impact lung inflammation and/or epithelial cell survival after urethane. To assess lung inflammation, inflammatory cells and cytokines were measured in BAL. Macrophages and neutrophils were reduced in BAL from urethane-treated DNTA mice, compared with FVB controls (both treated with dox) (Fig. 4B) . In addition, IL-12p70 and TNF-␣ levels in BAL fluid were reduced in dox-and urethane-treated DNTA mice compared with controls (Fig. 4C) . These results indicate that NF-B signaling in airway epithelium contributes to urethaneinduced lung inflammation.
In addition to inflammation, NF-B can impact cell survival through the induction of antiapoptotic genes. Therefore, we performed immunostaining for active caspase-3 and TUNEL on lung sections harvested at 2 weeks after urethane as markers for apoptosis. Significantly more active caspase-3 (Fig. 4 D and E) and TUNEL (data not shown) staining was identified in airway epithelium of DNTA mice compared with controls. Because several antiapoptotic proteins, including Bcl-2, Bcl-x L, cIAP-1, and XIAP, are regulated by the NF-B pathway (35, 36) , we evaluated lungs for differences in the expression of these proteins by Western blot. As shown in Fig. 5 A and B , Bcl-2 expression was reduced in DNTA mouse lungs at 2 weeks after urethane, but no differences were observed for the other proteins. Subsequently, we performed immunohistochemistry for Bcl-2 expression to show that the reduction of Bcl-2 was localized to airway epithelium (Fig. 5 C and D) . These data suggested that NF-B activation is required for Bcl-2 expression in the airways after urethane treatment.
To determine whether alterations in urethane-induced lung inflammation and apoptosis translated into differences in tumor formation, DTNA mice and FVB controls were treated with dox for 1 week, followed by a single i.p. injection of 1 g/kg urethane. Dox was continued throughout the experiment in both groups, and lungs were harvested at 4 months after urethane injection. DNTA mice developed 58% fewer lung surface tumors than FVB controls (Fig.  6A) . No difference in mean tumor size or histological appearance of tumors was identified (Fig. 6 B and C) . On lung sections, no ACs were found in either group, but AAH lesions and adenomas were markedly reduced in DNTA mice (Fig. 6D) . At the time of harvest, lung inflammation was not prominent in either group. BAL total cell counts were similar between the groups, and Ն97% of cells were macrophages in both groups. In addition, no differences between groups were detected in BAL cytokines, peripheral WBC counts, and differentials.
Discussion
In these studies, we identified a tumor-promoting role for NF-B in airway epithelium. We found that the susceptibility of different mouse strains to urethane-induced lung tumorigenesis correlates with the development of lung inflammation and NF-B activation in airway epithelium at early time points. We then used transgenic mice from a susceptible strain that conditionally express a dominant inhibitor of NF-B exclusively in airway epithelial cells to show that blocking NF-B in these cells reduces carcinogenesis by Ͼ50%. Epithelial NF-B activation is required for both lung inflammation and epithelial cell survival after urethane treatment, and the impact of NF-B on epithelial survival is likely mediated through the induction of antiapoptotic mediators, including Bcl-2. These studies identify airway epithelial NF-B signaling as an integral component of urethane-induced tumorigenesis.
Several lines of evidence support the idea that lung inflammation enhances experimental chemical lung tumorigenesis. First, butylated hydroxytoluene functions as a lung tumor promoter only in mouse strains in which it produces lung inflammation (37) . Second, TNF-␣ and IL-10 haploinsufficient mice display altered susceptibility to chemical-induced lung tumor formation (30) . Third, genes responsible for the lung inflammatory response cosegregate with genes conferring susceptibility to chemical lung tumorigenesis within pulmonary adenoma susceptibility genetic loci (38) , and the murine TNF-␣ gene has been identified as a strong candidate within the pulmonary adenoma susceptibility-2 locus (39, 40) . In our studies, inflammatory cell influx, increased TNF-␣ and/or IL-12p70 production, and activation of NF-B were identified in the lungs of mouse strains susceptible to urethane tumorigenesis (FVB and BALB/c), but not of a resistant strain (C57B6). These findings strengthen the connection between inflammatory pathways and lung carcinogenesis in experimental models.
In the lungs, NF-B is activated by many noxious/inflammatory/ infectious stimuli, implicating the NF-B pathway as a focal point for innate immune responses. In addition, NF-B is activated by a number of carcinogens and induces proteins that enhance cell survival/proliferation (13) (14) (15) . In cells and animal models, cigarette smoke induces NF-B activation (19, 20) . NF-B is activated in some lung cancer cell lines and renders them resistant to chemotherapy (41, 42) . In addition, NF-B is frequently activated in lung cancer specimens obtained by resection or biopsy (43, 44) . A recent study identified high levels of nuclear RelA (an indicator of NF-B activation) in non-small-cell lung cancers and AAH compared with normal epithelium (44) . Although previous studies have highlighted an association between NF-B and human lung cancer, our data provide experimental evidence that the NF-B pathway can directly promote lung tumor formation. This interface between NF-B signaling and the development of lung cancer may be particularly important in patients with chronic airway inflammation, including COPD.
Although the impact of NF-B on lung carcinogenesis has not been previously investigated in animal models, studies using conditional loss of function approaches to investigate NF-B signaling in cancer of the gastrointestinal tract have had mixed results. In one study, mice in which IB kinase 2 (IKK2) was conditionally eliminated in intestinal epithelial cells developed 75% fewer colon tumors after administration of azoxymethane and dextran sulfate (11) . Controls exhibited induction of antiapoptotic Bcl-X L , which did not occur in IKK2-deficient mice. In another study, NF-B inhibition in hepatocytes was found to reduce the number and size of hepatocellular carcinomas in a mouse model of spontaneous cholestatic hepatitis leading to hepatic cancer (Mdr2-KO) (12) . In contrast, IKK2 deletion in hepatocytes enhanced chemical-induced carcinogenesis in the liver (45) . Similarly, deletion of IKK-␥/ NEMO, an essential component of the IKK complex, resulted in the blockade of NF-B signaling in hepatocytes and spontaneous hepatocellular carcinogenesis (46) . Although these findings indicate that NF-B impacts carcinogenesis, its effects on tumor formation appear to be tissue-and cell type-specific.
In our studies, selective NF-B inhibition in Clara cells resulted in a substantial reduction in lung tumorigenesis. Although our approach has the advantage of identifying the contribution of a specific and defined population of cells within the lung microenvironment, these studies may have underestimated the total impact of NF-B signaling on lung tumor formation because NF-B inhibition was limited to cells expressing the CC10 promoter. Urethane-induced NF-B activation was found in type II alveolar epithelial cells and macrophages (as well as airway epithelium), and NF-B signaling in these cells also could impact tumorigenesis through direct (cell-autonomous) or indirect (paracrine) effects. Although a more complete understanding of the role of NF-B in lung tumor promotion is the subject of ongoing investigations, our finding that NF-B inhibition in airway epithelium blocks urethane-induced Bcl-2 expression and increases apoptosis after urethane treatment suggests that NF-B contributes to lung tumorigenesis by directly promoting the survival of mutated or initiated epithelial cells. This idea is supported by the finding that DNTA mice have fewer precursor (AAH) lesions and fewer adenomas than control mice.
Lung cancer is a contemporary pandemic causing more deaths per year in the United States than the next three leading cancers combined (47) . Although smoking cessation is fundamental in halting the lung cancer epidemic, additional prevention strategies are desperately needed because many patients continue to smoke, and currently most lung cancers develop in ex-smokers (48, 49) . Identifying molecular links between smoking-induced lung inf lammation and lung cancer may have important implications for defining individual lung cancer risk and tailoring chemoprevention therapies. Using an established mouse model of multistage lung tumorigenesis, we found that NF-B contributes to carcinogen-induced inf lammation and subsequent lung tumor formation. Based on these and future studies, detecting specific NF-B-regulated inf lammatory mediators produced in the lungs may help stratify individual risk for lung cancer development, and targeting NF-B activation and associated inf lammation may prove to be an effective strategy to prevent lung cancer in high-risk individuals, including those with COPD.
Materials and Methods
Details are provided in supporting information (SI) Materials and Methods.
Animal Model. All animal experiments were approved by Institutional Animal Care and Use guidelines. Mice used for experiments were sex, weight, and age matched. Tumors were induced by i.p. injection of 1 g/kg urethane in two protocols: a single urethane injection and 4-month latency and four consecutive weekly urethane injections and 3-month latency.
To evaluate NF-B activation after urethane treatment, we fully back-crossed (more than nine generations) transgenic HLL (27, 28) and NGL (31) reporter mice into the C57B6, BALB/c, and FVB strains. To inhibit NF-B in airway epithelial cells, we used inducible transgenic mice based on the tet-on system (DNTA, FVB background) expressing a Myc-His-tagged mutant avian IB␣ that cannot be degraded (26, (32) (33) (34) . To achieve selective expression in airway epithelium, mice containing tet-O 7 -IB␣-DN constructs were crossed to mice expressing reverse tetracycline transactivator under control of the rat CC10 promoter (26) . Transgene expression was induced by addition of 1 g/liter dox (Sigma-Aldrich, St. Louis, MO) in 2% sucrose to drinking water. DNTA mice from two separate founder lines were used for these studies.
CT Scanning. MicroCT images were acquired on an ImTek microCAT II scanner (ImTek, Knoxville, TN) as described previously (50).
Bioluminescent Imaging. Mice received 1 mg of D-luciferin and were imaged in a C2400-32-intensified, charged-coupled device (Hamamatsu, Bridgewater, NJ). Data were collected and analyzed by using customized hardware and software. Standardsized circular regions of interest encompassing the murine chest, abdomen, and head were determined, and photon counts were measured over these areas (27, 28, 31) .
Lung Tumor Enumeration. Surface tumors were counted by three blinded readers under a dissecting microscope and averaged as previously described (30) . Tumor diameter was determined by using microcalipers.
Histology and Immunohistochemistry. Lungs were fixed in 10% neutral buffered formalin, followed by 70% ethanol. Tissues were embedded in paraffin, and 5-m-thick sections were cut at the median transverse level of the lungs. Sections were mounted on glass slides and stained with H&E. Neoplastic lesions were counted by three blinded readers and averaged. GFP, TUNEL, active caspase-3, and Bcl-2 immunostaining, as well as semiquantitative scoring of active caspase-3 and Bcl-2, were done as described previously (27, 51, 52) .
Total and Differential Cell Counting. BAL was performed with 3 ϫ 800 l of normal saline, and the total cell count was determined by using a grid hemocytometer. Cell differentials were obtained by counting at least 200 cells on Wright-Giemsa-stained cytocentrifuge slides.
Cytokine Measurements. Proinf lammatory mediators (IL-6, IL-10, IL-12p70, TNF-␣, IFN-␥, and MCP-1) were determined in cell-free BAL by using a cytometric bead array (BD Biosciences, San Diego, CA) (53) after heat-free vacuum centrifugation-mediated condensation. Cytokine levels were corrected for BAL protein and determined by a bicinchonic acid assay (Pierce, Rockford, IL).
SDS/PAGE and Western Blot Analysis. Equal volumes of lung protein extracts were subjected to SDS/PAGE and Western blotting as previously described (52) by using anti-Bcl-2, anti-Bcl-x L (Cell Signaling Technology, Danvers, MA), anti-actin, and HRPconjugated anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) Abs.
Statistical Analysis. All values given represent mean Ϯ SEM. To compare means between groups, Student's t test or ANOVA with LSD post hoc tests were used. Spearman's correlation was used to detect significant associations between variables (correlation coefficient ϭ ). All P values were two-tailed. P values Ͻ .05 were considered significant. Statistical analyses were performed by using the Statistical Package for the Social Sciences Software Version 11.0 (SPSS, Chicago, IL). 
